Human plasma low density lipoprotein (LDL) exhibits a thermal transition over the temperature range 20 40°. This transition is associated with a structural change within the lipoprotein particle and is reflected in the small-angle x-ray scattering profiles from LDL. The scattering profile of the quasispherical LDL particle at 100-shows a relatively intense maximum at iA-' which is absent from the scattering of LDL at 450.
Theoretical calculations, using model electron density distributions, have been carried out to describe the packing of cholesterol esters in the core of LDL. At 100, a radially oriented arrangement of the cholesterol esters, based on perturbations of the molecular packing of crystalline cholesteryl myristate, adequately reproduces the high relative intensity of the x-ray scattering maximum at Yh A-1. The perturbations of the packing in the crystal structure of cholesteryl myristate involve "melting" of the hydrocarbon chains of the esters together with translations of pairs of molecules parallel to the molecular long axis.
The interaction of opposing steroid moieties, with C18 and C19 angular methyl groups interlocked, exhibited in the crystal structure is retained in the perturbed arrangement.
At 450, thermally induced disorder of this arrangement averages the electron density of the central core. The x-ray scattering profiles of particles with a homogeneous electron density in the core region do not show a high relative intensity of the subsidiary maxima in the IAa A-' region, in agreement with experimental observation.
The results of these calculations support the concept that the thermal transition observed for LDL is due to a smectic --disordered transition of the cholesterol esters in the core of the LDL particle.
A knowledge of the role played by the various lipid and protein constituents of the plasma lipoproteins in determining the overall structural organization is a prerequisite to a full understanding of the function of these macromolecular assemblies. Small-angle x-ray scattering has been used extensively to study both the high density (1-7) and low density (LDL) (5-7) classes of plasma lipoproteins and, in general terms, a common molecular architecture for the two systems has been demonstrated. Plasma lipoproteins are quasispherical particles in which the neutral lipid is sequestered in a central core whose surface is stabilized by phospholipid polar groups and proteins that are in contact with the aqueous environment. However, the precise arrangement of the neutral lipid (predominantly cholesterol esters) within the core of both high density and low density lipoproteins has been open to speculation. Deckelbaum MATERIALS AND METHODS LDL from the plasma of fasting male subjects was isolated by ultracentrifugation as described (8, 9) .
X-ray scattering profiles of concentrated (150-250 mg/ml) preparations of LDL were recorded using a focusing camera with Franks double mirror optics (10) and Ni filtered CuK, radiation from an Elliot GX-6 rotating anode generator. Specimens were sealed in 1-mm diameter capillary tubes. X-ray films were examined with a Joyce Loebl model IIICS microdensitometer. The scattering from LDL preparations was corrected for background scattering by subtracting the scattering of the sample capillary tube filled with aqueous solvent. Before subtraction the sample and background scattering profiles were normalized at an angle corresponding to five times the angle where useful scattering data from the LDL preparation ceased to be observed.
RESULTS

Experimental analysis
The small-angle x-ray scattering profiles obtained from LDL at 100 and 45' are shown in Fig. 1 . The curve from LDL at 100 (Fig. 1, curve a) is essentially identical to the curves reported by Tardieu et al. (6) and Laggner et al. (7) . The series of scattering maxima at angles corresponding to s <Yo A'-I are typical of the scattering from a quasispherical particle. The intense band at s -zii A'-observed at 100 is absent from the scattering profile from LDL at 450 (Fig. 1, curve b) ever, the precise origin of the IAa A-' maximum in the x-ray scattering of LDL is uncertain. This band may arise from either separate diffraction effects from organized microdomains of cholesterol ester in the core of the LDL particle or it may be part of the fringe pattern due to .the spherical morphology "modified" by the internal organization. In the latter case the enhanced relative intensity of this maximum may be related to a radially repeating molecular organization. 
Model analysis
We have used models of the molecular packing of the cholesterol esters within the core of LDL to examine the origin of the scattering maximum at %6 A-1. We use as our starting point for the cholesterol ester packing, the crystal structure of cholesteryl myristate determined by Craven and DeTitta (11), appropriately modified to "represent" the major LDL cholesterol esters, cholesteryl linoleate and cholesteryl oleate (9) for which there is no crystallographic information available. The important features of this structure are the formation of cholesteryl myristate molecules into pairs with the fatty acid chains associated, and the packing of these molecular pairs into a bilayer organization with the Cis and C19 methyl groups of opposing steroid nuclei interlocked ( Fig. 2A) partial specific volume and the volumes of the hydrocarbon chain CH, CH2, and CH3 groups, indicate that at low resolution the molecule may be described by two electron density levels (14, 15) . The two liquid hydrocarbon chain regions would have an average electron density of 0.29 e/A3 identical with that of the hydrocarbon region of a liquid crystalline phospholipid bilayer (13) . The fused ring region of the molecule has an average electron density 0.42 e/A3. These electron density levels are illustrated in Fig. 2C . This electron density profile was used as a trial model for the organization of the cholesterol esters in LDL.
We have made the assumption that within the corp of the LDL particle the cholesterol esters are radially orientated. Therefore, we have calculated the scattering profiles for spherical particles with increasing numbers of repeating cholesterol ester bilayers composed of molecular pairs. Fig. 3 illustrates the radial electron density distribution of particles with two and four bilayer radial repeating units together with the scattering profiles calculated for these distributions. The electron density peak located at the outer surface of the particle [radius = p93-118 (Fig. 3A) and 165-190 A (Fig. 3B) ] is due to the polar lipid head groups and protein. The electron density (p = 0.38 e4/Ai) of this outer shell was based on that obtained from scatteripg studies of high density lipoproteins (2-A).
The size changes of the model particle resulting from an increasing number of cholesterol ester bilayer units are'simply reflected by a change in angular position of the subsidiary fringes due to the spherical morphology. Increasing the particle diameter'results in a more condensed fringe distribution. More important, however, is the observation that 'the scattering'profile of the p~article is sampled at an angular position corresponding to the bilayei repeat spacing of 38 A. The effect of the radially repeating.structural organization within the particle is to produce, a-'bid relative intensity in the fringe pattern at the angular region corresponding to the angular region where diffraction would be observed from an infinite linearly repeating-structure. Thus, in tihe scattering curve for the model with four bilayer units, theeighth and ninth fringes have a high relative intensity while the scattering curve for the particle with two repeats shows Si strong rqJati've intensity at the fourth and fifth subsidiary, mnaxima. For extremely large numbers of radial repeats resulting in extremely large particles, the diffraction pattern of the linear structure would ultimately be observed (16) . T'he model particle with two radial bilayer'units has a radius similar t6 that of the native LDL particle (110 A). Therefore, the scattering curve calculated for this model may be compared with the experimental curve obtained from LDL at 100 (compare Figs. 1, curve a and 3A) . The comparison shows that, whilst~be scattering pattern for the native particle exhibits a high rejative intensity of only the fifth subsidiary maximum at A6 A-', the relative intensities of both the fourth ('Ao A- '1) and the fifth ('A8 A-') maxima are increased in the scattering curve for the model particle. This difference demonstrates that, arthough this model for the organization of thecholesterol esters miay explain in general terms the origin of the '/16 A-l maximum, the model'does not provide an exact description of LDL. hispection of the model together with the density function (17) calculated by Fourier transformation of the theoretical scattered -intensity shows that the high relative intensity of the fourth fringe in the calculated scattering curve is due' to electron density peaks approximately 50 A apart. These electron density peaks are illustrated in Fig. 2C .
Therefore, additional perturbations of the structure were soug'ht that would remove these 50 A correlations, but still leave the organization dominated by the length of the molecular pair. These perturbations involve translation of the cholesterol ester pairs parallel to their long axis. Apart from retaining the molecular pair organization, the interlocking of the bulky Cs and Ci9 methyl groups on the steroid moiety (11) is retained. The low-resolution one-dimensional electron density distribution for this molecular arrangement it illustrated in Fig. 4A . The overlapping region of hydrocarbon chain and steroid moieties results in an average electron density (p = 0.31 e/A3) higher than that of pure hydrocarbon. The overlapping sterol ring regions, however, produce an electron density distribution that contains only single peaks with 38 A separation. The scattering curve calculated for this electron density profile radially orientated in a spherical particle (radius 110 A)
is shown in Fig. 4B . We have positioned the inner edge of the first electron density peak at a radius r = 28 A, a radial distance equivalent to one contracted molecular length. The packing in this inner shell is undoulte'dly perturbed due to the small radius of curvature; however,' only 7% of the volume of the particle occupied by cholesterol esters is contained in this inner
shell. There is good qualitative agreement between the calculated scattering curve and the curve obtained from LDL at 100
( Fig. 1 curve a) . B3ecause we have sought to reproduce in the model scattering curve the overall features of the scattering from LDL, we have not further refined the model to improve the agreement, for example, by small variations in the positions of the inner two maxima. X-ray scattering studies of high density lipoprotein (2-4)'and also sonicated lipid dispersions (16) have shown that the relative intensities of the subsidiary maxima from spherical particles with an internal structural organization are particularly sensitive to the 'electron density levels describing the radial structure. Therefore, adjustment of the electron'density levels' including the electron density of theouter shell containirqg the phospholipid polar groups and protein, would improve the agreement in the relative intensities of the subsidiary maxima.
The effect of the order disorder transition of an organized arrangement of the cholesterol esters at the center'of the particle may be simulated in. the model. Random translations of the cholesterol esters would-average the electron density of this region ( Fig. 4C and D) . Replacement of the radially repeating electron density of the core with a continuous electron density equal to the average electron density of the cholesterol ester molecule gives the scattering curve shown in Fig. 4D . As can be seen, the fifth subsi4iary maximum has a relative intensity lower than the fourth, inr agreement with the scattering from LDL at 450 in which the fifth maximum is not observed experimentally ( Fig. .1, curve b ).
An additional meas'ure of the agreement between the scattering calculated for the model and that observed experimentally can be obtained by comparing the radial electron density distributions obtained by Fourier transformation of 11/2 (s). The electron density profiles calculated from the experimental and theoretical scattering data, terminated at the same scattering angle, are shown in. Fig. 5 . Of particular importance are the electron density peaks at 30 and 60 A in the distribution for LDL at 100. A'similar electron density profile has been reported by Laggner et al. (7) . These peaks demonstrate experimentally the radial distribution of electron density in the core of the particle and are consistent with a radial arrangement of cholesterol ester as shown in Fig. 4A and B. The transform of the scattering data from LDL at 450, however, exhibits only one low peak at about 45 A, indicating that the core has a less ordered-structure. The region of the electron density profile for r <20 A is influenced strongly by termination effects'due'to the limited angular range of the experimental scatteringcurve and no strucdural conclusions may be made from this region of the electron density profile. Thus, all the structural features exhibited by the experimental transform and the change in the electron density-distribution between 10 and 450 ( Fig. 213 . The perturbation involves translation of pairs of cholesterol ester molecules whilst retaining the interlocking of the C s and C II) methyl groups of the steroid hucleus. The electron density distribution of this packing is shown below and consists of electron-dense peaks about ,38 A apart. B. Electron density profile and calculated x-ray scattering curve for a spherical particle with a radial electron density distribution corresponding to that shown in A. C. Further perturbation of the cholesterol ester packing in which only parallel orientation of the long molecular axes is retained, giving a homogeneous electron density (p = 0.31 e/1A). D. Electron density profile and calculated x-ray scattering curve ftr the spherical particle with homogeneous electron density in the central core.
-0ol spherical particle will adequately account for the observed changes in the scattering profile. In addition, the model. calculations illustrate that a radial organization of the cholesterol esters withinthe particle produces features in the scattering that correlate with diffraction effects observed from a similar but planar structural arrangement of cholesterol esters in isolation.
Thus, the parallel between the thermal behavior of the scattering maximum at 'A6 A-' in the scattering from LDL and the diffraction pattern of the isolated cholesterol esters suggests a smectic-like layered organization for the cholesterol esters of LDL at 100. The transformation of the linear packing of the smectic phase of cholesterol esters in the isolated system to a radial organization in LDL may be aided by the triglyceride component of the lipoprotein, the triglycerides also being located in the central core. The transition temperature of the cholesterol esters in LDL hag been shown to be dependent on the ratio of triglycerides to cholesterol esters (9) .
Recent nuclear magnetic resonance studies (18) have demonstrated that in the smectic phase the steroid moiety of cholesterol esters has a greatly reduced mobility compared to the isotropic phase. Similar observations were made for the cholesterol esters in LDL below the thermal transition. Above the transition, the cholesterol esters in LDL appear more constrained than in the true isotropic phase, suggesting that the esters within the particle do not attain complete mobility. 
